Intrauterine implantation of fertilized ova can be blocked by exposing recently inseminated females with an unfamiliar male. This selective pregnancy failure, designated as the Bruce effect (Bruce, Nature 1959; 184:105), is well studied in laboratory mice and has been confirmed in several other rodent species. However, no clear information exists concerning this phenomenon in the laboratory rat. The present study was conducted to investigate whether or not the Bruce effect exists in the rat. Females of two F1 hybrid strains (n total ¼ 354) with different MHC genotypes (F344BNF1, RT1 lv1/n , and LEWPVGF1, RT1 l/c ) were mated with males of their own strain and subsequently exposed during the first 4 days postcoitus either to a male of the other hybrid strain or to an unfamiliar male of the same strain as the stud. The litter rate of each treatment group was determined. As a control, mated females of both strains were reexposed to the stud male to determine baseline litter rates. Female rats of both F1 hybrid strains showed a significantly lower litter rate when exposed to males of a different strain than their stud male, compared to the expected values of birth rates observed in control females (F344BNF1: P ¼ 0.017; LEWPVGF1: P ¼ 0.019). In contrast, there was no difference between expected and observed litter rates in females of both F1 hybrid strains after exposure to an unfamiliar male of the same strain as their stud. Our results demonstrate for the first time that the Bruce effect, well documented in mice, occurs in the Norway rat.
INTRODUCTION
Pheromonally induced reproductive effects like estrous synchronization (Whitten effect) [1] , acceleration of puberty (Vandenbergh effect) [2] , estrous cycle suppression in grouped females remote from males (Lee-Boot effect) [3] , and induced pregnancy block (Bruce effect) [4] have been intensively investigated in laboratory mice (Mus musculus). However, comparatively little is known about these classical reproductive phenomena in laboratory rats (Rattus norvegicus) and the published results are much less clear than those described for mice. This is all the more astonishing considering that the rat is the most frequently used laboratory animal species apart from the mouse.
The Bruce effect, first described in 1959 by Hilda M. Bruce, is a neuroendocrine reflex with a drastic impact on female reproductive state. Exposing newly mated female mice to chemical cues, which signal the presence of an unfamiliar male, frequently results in the termination of an early pregnancy and the return to estrus cyclicity.
In mice, the Bruce effect can be induced efficiently before nidation, i.e., during the first 4.5 days after mating. This suggests an impact of male primer pheromones on the female hormonal status during the preimplantation period [5] . Mice and rats have no functional luteal phase of the estrous cycle. In both species, rescue and maintenance of luteal function (which is necessary to support the nidation) depends on two daily surges of pituitary prolactin initiated by mating [6, 7] . A fall in serum prolactin concentration triggered by increased dopamine synthesis and release after exposure to pheromones of an unfamiliar male has been proposed as the cause for the Bruce effect [8, 9] .
The primary sources of anogenital pheromones in rodents are the sexually dimorphic preputial glands. Consequently, perianal chemosignals are mainly disseminated by urinary dispersion. Just as in other rodents, the secretions of the preputial glands of rats consist of an amazing diversity of volatile and nonvolatile constituents, which can alter both the behavior and hormonal status of conspecifics [10] . Excision of the vomeronasal organ (VNO) but not the selective ablation of the main olfactory epithelium abolishes the ability to block pregnancy in mice [8, 11, 12] . This points to the nonredundant significance of the VNO concerning the recognition of chemosignals in the context of induced pregnancy block. Although the assimilation (after intranasal administration) of 17b-estradiol from male mouse urine is discussed as a possible cause for implantation failure [13, 14] there is a broad consensus that the Bruce effect is predominantly mediated by pheromones acting on receptors of the VNO. This auxiliary olfactory organ is part of the vomeronasal system (VNS) and is found in most mammals [15] [16] [17] .
Investigations of molecular, physiological, and anatomical parameters clearly support the existence of a functional VNS in rats [16, [18] [19] [20] [21] [22] [23] [24] [25] [26] . Activation of the VNS of female rats was recorded in response to rat urine, possibly providing females with information about gender, status, and individuality of the donor [16, [27] [28] [29] . However, not all chemosignal-mediated responses seem to be dependent on the VNS; they may also be induced via the main olfactory system. For instance, in rats, noncontact erection (NCE) could still be demonstrated in males after removal of their VNO, when they were placed without physical contact in the vicinity of females in estrus. On the other hand, the induction of NCE was impossible in males after olfactory bulbectomy or chemical destruction of the olfactory mucosa [30] .
The Bruce effect has been intensively studied in laboratory mice. This pheromonally mediated phenomenon is described for other rodent species such as the deer mouse and various microtine rodents [31] . Recent investigations of mating strategies in the vlei rat (Otomys irroratus), a murid rodent with geographic variants of promiscuous and polygynous populations, confirmed that the Bruce effect also exists in this species. However, pregnancy failure was only observed in females of the polygynous populations, where males have exclusive access to females. In contrast, in newly mated female vlei rats of promiscuous populations where paternity is less certain, there was no evidence for the termination of pregnancy after exposure to an unfamiliar male [32] .
Norway rats and their domestic relatives (the laboratory rat) are also promiscuous animals. Among group-living rats with fertile animals of both sexes, males compete over receptive females and mating with more than one male is a normal reproductive behavior of female rats [33] . Moreover, superfecundation has been frequently observed during the analysis of offspring from litters fathered by competing males [34, 35] .
The Bruce effect in rats has not previously been reported and, considering the promiscuous mating behavior, the existence of this phenomenon is questionable in this species. In fact, it is generally accepted that it does not exist in laboratory rats [36] . However, there is no experimental confirmation for this assumption. Moreover, the physiological properties necessary for the Bruce effect are existent in Rattus norvegicus.
This study was designed to examine whether or not the Bruce effect exists in the Norway rat. A significant reduction in pregnancy rates would be expected after exposure of newly mated females to an unfamiliar male that differed in genotype from the stud. In contrast, no significant effect on the pregnancy rate is expected when exposing a female to the stud or a male of the same genotype as the stud. This hypothesis was tested using combinations of exposures of females and males of two F1 hybrid rat strains.
MATERIALS AND METHODS

Animals
Adult, virgin, female rats of two different F1 hybrid strains were used: 1) F344BNF1 (brown, nonagouti, n ¼ 226) and 2) LEWPVGF1 (black hooded, n ¼ 161). As mating partners (stud male) or for exposure 4 days after mating (stimulus male), rats of the same hybrid strains were used (F344BNF1, n ¼ 174, and LEWPVGF1, n ¼ 148). The animals were bred in our facility under optimal hygienic conditions. The hygienic quality of the animals was tested by sentinels and the pathogen-free status according to Federation of Laboratory Animal Science Associations recommendations was confirmed [37] .
We used F1 hybrids to avoid a possible impact of inbreeding depression in inbred strains on the experimental results. When the experiments started, the animals were between 12 and 20 wk old. Because all original strains used for breeding of the F1 generation were inbred (F344, LEW, and PVG obtained from Harlan Ltd. and BN from Charles River), it was guaranteed that the experimental animals were genetically identical within each hybrid strain. However, both outcrosses were designed to produce two isogenic strains that differed at the MHC, designated in rats as RT1 complex (F344BNF1 ¼ RT1 lv1/n vs. LEWPVGF1 ¼ RT1 l/c ).
All experimental animal work was approved by the University of Veterinary Medicine Vienna Institutional Ethics Committee and by the Advisory Committee for Animal Experiments.
Housing
After weaning, the animals were individually marked and housed in groups of two to five females or males in type IV wire-topped Makrolon cages with autoclaved wooden bedding (LTE-001; ABEDD). Standardized enrichment was given by a plastic tube, a wooden gnawing block of 10 3 2 3 2 cm (ABEDD), and autoclaved hay. Except for the plastic tube, the enrichment of the exposure cages corresponded to that of the breeding and housing cages.
Food (V1324-0; Sniff) and water were available ad libitum. The light:dark cycle in the rooms consisted of 12L:12D with artificial light from 0600 to 1800 h. The temperature in the room was 21 6 28C, with a relative humidity of approximately 50%, and with 10 complete air changes per hour.
Before starting the experiments males and females were transferred to the test room and individually housed in Makrolon type III high cages for 1 wk. During the period of solitary housing female rats were habituated to handling and to the procedure of vaginal plug control. All procedures including plug control (here pseudoplug control, but carried out as for the later experiment) were performed during five consecutive days.
Mating, Plug Control, and Exposure
Experimental mating and exposure was conducted in a separate animal room. Each female was paired with a single male (stud male) of its own hybrid strain until coitus was confirmed by a vaginal plug. Vaginal examination was performed daily in the morning using an otoscope. Females with a plug were separated from their stud and subsequently exposed to a stimulus male according to the experimental plan given in Table 1 . Females without a plug were placed back into their mating cage and examined for successful mating on subsequent days. Females that did not have a vaginal plug during the 12-day mating period were excluded from the study. The number of days for each female to become plug positive was recorded.
Immediately after plug control, plug-positive females were randomly assigned to one of three treatments (exposure types A-C; see Table 1 ). In groups A and B females were exposed to an unfamiliar male, either of the same strain as their stud (group A), or of the other strain (group B). To account for and exclude effects of the experimental procedure as cause for a pregnancy block, reexposure of newly mated females to the stud was used as control (group C).
Exposure was carried out by placing a plug-positive female into one of two adjacent chambers of a Makrolon type IV cage, with the stimulus male in the other half of the cage. Separation into two compartments was achieved by a transparent wall that was perforated by holes (Ø ¼ 0.8 cm) that nearly prohibited physical contact but allowed visual, acoustic, and olfactory contact between the female and the stimulus male. The cage for exposure of groups A and B had been used undivided by the stimulus male for at least 4 days prior to the treatment. The reexposure to the stud (group C) was carried out in a new cage contaminated with soiled bedding from the stud's home cage.
After 4 days of continuous exposure, females were removed from the divided exposure cage and transferred back into their type III home cage in the colony room.
Pregnancy and birth were monitored and recorded through daily visual inspection. To minimize disturbance of animals, daily visual inspection was performed without direct human-animal contact. Direct inspection of the animals was conducted once weekly during cage changing.
Statistics
The necessary sample size of 50-60 animals per experimental group was calculated for the alternative hypothesis of a higher rate of pregnancy failures in group B than in groups A and C, with an estimated rate of induced abortions of about 10% in groups A and C and 30% in group B. The sample size was calculated using a power of 90% and a type I error of 5% adjusted for multiplicity. Each female was used only once for the experiment. Chi-square tests were used to compare the frequency distribution of litter rates between treatments for each hybrid strain (groups A1-C1 and A2-C2; Table 1 ) and the litter rate between both strains, and to test for exposure type by strain interaction. All calculations were performed using SPSSv19 (IBM). A P value of ,0.05 was considered as significant.
RESULTS
Both strains differed in their litter rate (v 2 [df ¼ 1] ¼ 54.02, n ¼ 387, P , 0.001). F344BNF1 females had a higher litter rate in all three treatment groups as compared to LEWPVGF1 females ( Figs. 1 and 2) . Additionally, we found a difference in the timing of vaginal plugs between both strains, with the LEWPVGF1 females having an unexpectedly high frequency of plugs on the first day of the 12-day mating period ( Table 2) . A1  S1  S1  S1  69  B1  S1  S1  S2  65  C1  S1  S1  S1 (stud)  65  A2  S2  S2  S2  52  B2  S2  S2  S1  51  C2  S2  S2  S2 (stud)  52 * S1, F344BNF1; S2, LEWPVGF1.
MARASHI AND RÜ LICKE
There was no exposure type by strain interaction (P . 0.4), indicating that females of one strain were not differently affected than females of the other strain. The litter rate did not differ (P . 0.4) between plug-positive females exposed to the stud male and a male of the same strain as the stud (Figs. 1 and 2 ). In contrast, litter rates of plugpositive females of both F1 hybrid strains exposed to genetically different males from that of the stud were lower (P , 0.05) than those of females exposed to their stud ( Figs. 1  and 2 ). The decrease of the litter rates was 16.9% for group B1 (F344BNF1) and 22.5% for group B2 (LEWPVGF1) compared to group C1 and C2, respectively ( Figs. 1 and 2 ).
DISCUSSION
The results of the presented study clearly demonstrate the existence of the Bruce effect in laboratory rats. The so-called induced ''pregnancy block,'' reported in detail in the literature for mice, could be demonstrated by a significant decrease of litter rates in recently mated females after exposing to an unfamiliar male that is genetically different from the stud male. This is, to our knowledge, the first evidence for this primer pheromonal phenomenon in the domestic Norway rat.
Newly inseminated females were exposed to male rats in a divided cage for the first 4 days after copulation. In mice it is well established that the urine of males that are housed close to females more potently induces pregnancy failure as compared to urine from isolated males [38] . This could correspond to the stimulation of androgen secretion in males after their exposure to foreign females [39] . In our study, females were exposed to a male in the male's cage but were separated by a transparent, perforated plastic wall. Before exposure, the complete cage was used for several days by the stimulus male. This is important as the responsible chemosignals for the induction of the pregnancy block are thought to be nonairborne and the animals need direct contact with the chemical cue to identify individual scent profiles [40] . We cannot exclude that other sensory stimuli (such as acoustic and visual impulses) contributed to the results. Also, minimal physical contact was possible through the perforated wall.
The significant decrease of litter rates after exposure to males of a different strain than their stud occurred independently and in a similar extent in two genetically different hybrids. However, both strains differed in their reproductive success, with higher litter rates in all three treatment groups for F344BNF1 females as compared to LEWPVGF1 females (see Figs. 1 and 2 ). This might be caused by a difference in the timing of vaginal plugs between both strains, with an unexpectedly high frequency of plugs for LEWPVGF1 on the first day after the females were penned with the stud male. Interestingly, the lower litter rate was only true for females of this strain with a first-day plug, suggesting to some extent infertile copulations (data not shown). A strain difference in reacting to the sudden exposure to the stud male may result in a synchronization of estrus without ovulation in LEWPVGF1 females.
We used two F1 hybrid strains for the study to avoid unknown effects of inbreeding depression. Inbred strains of laboratory rodents often show extreme phenotypic profiles, which could directly or indirectly affect the function of the VNS of the animals and thus affect their reproductive behavior. Furthermore, both strains are heterozygous at the codominantly expressed MHC and different in the highly polymorphic RT1 complex (RT1 lv1/n and RT1 l/c ). A difference in the RT1 type between stud and stimulus males is an important prerequisite of our study because it has long been accepted that reproductive behavior (including the Bruce effect) is affected by the MHC of interacting conspecific animals [41] [42] [43] . In fact, the first experimentally identified vomeronasal stimuli with the capacity to induce pregnancy failure in mice are MHC class I peptide ligands dispersed as nonvolatile pheromones in the urine [44] .
The neuroendocrine imbalance induced by primer pheromones as a cause for the pregnancy block is well studied in mice. The ability to process chemosensory cues into information about genetic individuality of conspecifics and to form a stable olfactory recognition memory (mate recognition) is vital to protect the female against abortion of her stud's offspring after repeated exposure to him or his odors [11, 16] . The functional significance of the pregnancy disruption induced by an unfamiliar male is still unclear and several hypotheses are stressed in the literature. The ability to induce a pregnancy failure in newly mated females allows males to increase their reproductive success compared to competitors. Thus, dominant males leaving more urinal scent markings would make direct use of their social status to improve their reproductive success [45] . However, it has also been shown that the female's behavior plays an important role concerning the impact of male scent stimuli on her pregnancy. Experiments that allow females to control their exposure to the scent of unfamiliar males indicate that they actively avoid such contact [46] . This is supported by the fact that the Bruce effect can only be induced if the female is exposed coincidently with the two daily prolactin surges [9] . The Bruce effect might be not simply the result of postcopulatory male-male competition but also an important tool to increase the reproductive success of females. The presented study, however, was designed to investigate the existence of a Bruce effect in recently mated female rats. Therefore, specific experimental conditions facilitated that the females were permanently exposed to a male's scent during a 4-day period after mating.
The anticipated infanticide hypothesis and the compatiblegenes hypotheses could be used to explain the induced pregnancy failure as sexual conflict in male-female coevolution [47] [48] [49] . Recently, we tested the pregnancy block in mice as a potential strategy of females to produce offspring with higher fitness. Following this hypothesis, females terminate their current pregnancy if a newly and potentially better male is available in order to improve the constitution of her future offspring. However, the rate of pregnancy failures after exposure of female mice to an unfamiliar male that differed genetically from the stud was not significantly linked to embryo genotype [50] .
As a female counterstrategy to infanticide, the pregnancy block could serve to avoid the costs of embryogenesis and giving birth to offspring when pups are likely to be killed by a new territory holder/another male. With respect to the social and the mating system, postnatal infanticide should be less important as an explanation for the Bruce effect in rats than in mice: wild Norway rats live in promiscuous colonies with fertile animals of both sexes, whereas commensal mice are organized in family-like harem groups and males exhibit behaviors typical for mate-defense polygyny [51, 52] . Therefore, the less distinct reduction of birth rates in rats, as seen in the present study (around 20% as compared to about 80% in mice [5] ), could mirror this difference in reproductive behavior between both species.
Laboratory rats play an important role as research models in several disciplines in life sciences and have been used as model organisms for much of our understanding of mammalian reproduction and physiology. The fact that the Bruce effect does exist in laboratory rats should be taken into account for the standard breeding procedures of laboratory rats. Moreover, it offers a new animal model to further investigate this exciting phenomenon of mammalian reproductive behavior.
